Abstract The effects of complex slab geometries on the surrounding mantle flow field are still poorly understood. Here we combine shear wave velocity structure with Rayleigh wave phase anisotropy to examine these effects in southern Peru, where the slab changes its geometry from steep to flat. To the south, where the slab subducts steeply, we find trench-parallel anisotropy beneath the active volcanic arc that we attribute to the mantle wedge and/or upper portions of the subducting plate. Farther north, beneath the easternmost corner of the flat slab, we observe a pronounced low-velocity anomaly. This anomaly is caused either by the presence of volatiles and/or flux melting that could result from southward directed, volatile-rich subslab mantle flow or by increased temperature and/or decompression melting due to small-scale vertical flow. We also find evidence for mantle flow through the tear north of the subducting Nazca Ridge. Finally, we observe anisotropy patterns associated with the fast velocity anomalies that reveal along strike variations in the slab's internal deformation. The change in slab geometry from steep to flat contorts the subducting plate south of the Nazca Ridge causing an alteration of the slab petrofabric. In contrast, the torn slab to the north still preserves the primary (fossilized) petrofabric first established shortly after plate formation.
Introduction
The subduction zone in southern Peru is characterized by the complex geometry of the descending oceanic Nazca Plate that changes from steep to flat at~16°S [Cahill and Isacks, 1992] . Along the flat slab segment, the~40-45 Ma old Nazca plate [Müller et al., 2008] starts to subduct at a normal dip angle to~90 km depth. It then bends and continues almost horizontally for several hundred kilometers beneath the South American continent (Figure 1 ).
Earlier studies recognized the spatial correlation between the flat slab and the subducting Nazca Ridge [Gutscher et al., 2000] . The ridge was formed as a hot spot track either of the Easter plume, while the plume was still sufficiently close to the East Pacific Rise [Steinberger, 2002] , or near Salas y Gomez,~400 km farther east [Ray et al., 2012] . The oceanic crust of the ridge is considerably thickened with a~5 km thick basaltic oceanic crust above an~12 km thick gabbroic layer [Hampel et al., 2004; Couch and Whitsett, 1981; Macharé and Ortlieb, 1992] . Due to the oblique orientation of the ridge with respect to the convergence direction [DeMets et al., 2010] (Figure 1 ), the ridge was located significantly farther north (at~11.2°S) when it started to subduct~11 Ma [Hampel, 2002; Rosenbaum et al., 2005] . While the combination of several factors such as trench retreat, suction, and ridge subduction acted together to form the flat slab, the removal of the ridge, as it moved too far south over time, caused the flat slab to fail to the north [Antonijevic et al., 2015] ( Figure 1 ). In contrast, along the southern edge of the flat slab the descending plate is still continuous but sharply contorted [Dougherty and Clayton, 2014; Phillips and Clayton, 2014; Ma and Clayton, 2014] . along the strike supports the hypothesis that the extension due to change in slab geometry from steep to flat may alter the internal slab anisotropy upon subduction.
Data
Data were collected from several seismic networks: PULSE (Peru Lithosphere and Slab Experiment), CAUGHT (Central Andean Uplift and Geodynamics of High Topography), PERUSE (Peru Subduction Experiment), and the Global Seismic Network permanent stations in Lima, Peru (Figure 1 ). The PULSE seismic network was part of a 2 year (2011) (2012) (2013) project consisting of 40 three-component broadband seismometers, sampling at 40 samples/s, installed along three transects in central and southern Peru. The northern transect extended between Lima and Satipo with~18 km station intervals. The middle transect extended from Pisco to Ayacucho with interstation distances varying from~25 km to~60 km. The southern transect stretched from the coast to the Amazon Basin, with station intervals of~40 km from the coast to Cusco and~15 km from Cusco toward the Basin. The data set is augmented with records from 12 adjacent CAUGHT stations [Ward et al., 2013] and eight PERUSE stations [Phillips et al., 2012] that improved our resolution along the southern edge of the flat slab.
We used teleseismic events with magnitudes greater than 6.2 that occurred during the PULSE deployment between 25°and 125°from the center of the array. Most of these events come from the SW direction (from the Kermadec-Tonga subduction zone) and NNW (from the Alaska subduction zone). To ensure a more heterogeneous back-azimuthal coverage, we limited events from oversampled back azimuths and added smaller but well recorded events (M < 6.2) coming from less represented directions ( Figure 1 , insert 2). We also included well-recorded earthquakes with magnitudes greater than 8 and epicentral distances beyond 125°from the center of the array.
Instrument responses were normalized and traces were bandpassed using a Butterworth filter, 7-10 mHz wide, centered on the frequency of interest. The fundamental mode Rayleigh wave was windowed for 12 periods in the band between 0.007 and 0.03 Hz and cut with a 50 s cosine taper at either end. The width of the window varied with different events and periods, but for particular period and event it was held constant. Phases and amplitudes of waves for each period at each station were later determined using Fourier analysis.
Methods
We invert for Rayleigh wave phase velocities and then use the obtained 2-D phase velocities to determine isotropic 3-D shear velocity structure. We use the finite-frequency two-plane wave method developed by Forsyth and Li [2005] and Yang and Forsyth [2006] to invert for Rayleigh wave phase velocities and anisotropy. Phase velocities are approximated by
where C is phase velocity at a specific frequency (ω) and azimuth (θ), leaving out the higher order terms [Smith and Dahlen, 1973; Weeraratne et al., 2007] . The fast propagation direction is calculated as 0.5*arctan (B 2 /B 1 ), while the peak-to-peak anisotropy magnitude is represented as 2 × (B 1 2 + B 2 2 ) ½ .
Grid nodes are approximately equidistant and are generated as a function of azimuth and distance from a pole of rotation, located 90°North of the center of the array (see Forsyth and Li [2005] for further details). We use 0.33°grid node spacing for isotropic and 0.66°for anisotropic terms. Starting Rayleigh wave phase velocities are important for a stable inversion. We calculate the 2-D starting phase velocities across the study area using the velocity model of James [1971] for the crust and the IASPEI91 for the mantle [Kennett and Engdahl, 1991] and predict phase velocities applying the forward algorithm of Saito [1988] . The crustal thickness is highly variable in our study area, ranging from thin oceanic crust to~70 km thick crust below the high Andean peaks. Thus, we create a 2-D crustal thickness map using results from Tassara et al. [2006] , smoothed along the coast, and adjust the starting model accordingly at each grid point in the inversion (supporting information Figures S1 and S2 ).
The inversion is regularized with a combination of a priori model covariance, set to 0.15 km/s for isotropic velocities and 0.05 km/s for anisotropic terms. Figure S3 ).
Rayleigh wave phase velocities are sensitive to shear wave velocity structure ( Figure 2 ). We invert the obtained Rayleigh wave phase velocities for shear wave velocities using the algorithm of Saito [1988] and Weeraratne et al. [2003] (supporting information Figure S2 ). The starting model is the same as the one used to predict phase velocities ( Figure 2 ). The vertical resolution is controlled by the sensitivities of the periods used in the study to the shear wave velocity structure with depth ( Figure 2 ). It is also affected by the thickness of layers, so we parameterize our shear wave velocity columns such that the diagonal value in the resolution matrix for a particular layer ranges between 0.1 and 0.3. Our vertical resolution drops below 0.1 at depths shallower than~40 km and greater than~200-250 km (supporting information Figure S4 ).
Results

Shear Wave Velocity Model
The main differences between our new shear wave velocity model and the model presented by Antonijevic et al. [2015] include improved azimuthal distribution of the teleseismic events used in the study and taking into account anisotropy in the phase velocity maps, which may change the isotropic solution. However, our results reveal very similar structures as previously reported by Antonijevic et al. [2015] ( Figure 3 and supporting information Figure S5 ). North of the projected subducted Nazca Ridge we observe a dipping high velocity anomaly that coincides with the location of a scatterer identified in earlier studies of ScSp phases [Snoke et al., 1979] ( Figure 3d ). The dipping high shear wave velocities are overlain by a dipping low-velocity anomaly. The lowvelocity anomaly is located beneath an unusually high heat flow measurement (196 mW/m 2 ) [Uyeda et al., 1980] . The structures are consistent with a previously proposed slab tear and the warm asthenospheric corner flow above the now normally dipping slab to the west [Antonijevic et al., 2015] (Figures 3a-3d ).
Along the projected Nazca Ridge we observe an increase in shear wave velocities from~4.4 km/s near the trench to >4.55 km/s~100-~150 km away from the trench, where the plane of seismicity roughly illuminates the top of the slab (Figure 3e ). However, the observed high velocities continue much further inboard than theplane of seismicity and start to dip~600-~680 km away from the trench. The feature is consistent with the previously proposed flat slab that resumes steep subduction far to the east [Antonijevic et al., 2015] . Below the observed high velocities, beneath the southeastern corner of the flat slab, we observe a pronounced low-velocity anomaly. At long periods (77-111 s) we observe prominent low velocities centered at~72.5°W 13°S, with the greatest phase velocity reduction (~5%) at 91 s (Figure 4 ). In the shear wave velocity model, the low velocities first appear at~125 km depth. Velocities decrease with increasing depth up to~145 km where Vs approaches 4.2 km/s (Figures 3c and 3e and supporting information Figure S5 ). By~165 km depth the anomaly shifts east and becomes less pronounced; by~200 km depth velocities increase above 4.4 km/s, but our resolution starts to decrease (supporting information Figure S4 ). This feature is consistent with the observations of Scire et al. [2016] , who also found significant velocity reductions under the easternmost corner beneath the Peruvian of the flat slab using finite frequency teleseismic P and S wave tomography. The anomaly is more pronounced in their shear wave velocity model, with the greatest velocity reduction (almost~9%) between~130 and~200 km depth. The anomaly is still visible up to~500 km depth but with less pronounced velocity reduction. The observed low-velocity anomaly is also consistent with a recent receiver function study using results from the dense line of seismic stations deployed along the Nazca Ridge track [Ma and Clayton, 2015] . The anomaly is substantially more pronounced with plotted events from the SE than with the events plotted from the NW, indicating significant along strike variations in the structure.
To the south, we observe a progressive change in the dip of the slab from flat to steep. Our observations are consistent with a continuously contorted slab as reported in previous studies [Dougherty and Clayton, 2014; Phillips and Clayton, 2014; Ma and Clayton, 2014] . At~17°S we observe high shear wave velocities aligned with the 30°dipping plane of seismicity (Figure 3f ). Above the high velocities we observe a low-velocity anomaly, roughly located beneath the active volcanic arc, consistent with the presence of asthenospheric corner flow.
Azimuthal Anisotropy
North of the projected subducted Nazca Ridge at short periods (33 s, 40 s), we observe a trench-parallel alignment of fast directions with magnitudes up to 2.5% (dashed green area in Figure 4a and Suppl. figure 6a) . These are colocated with low Rayleigh wave phase velocities. The alignment of fast directions is consistent (Figure 3d ) represents the location of an unusually high heat flow measurement [Uyeda et al., 1980] . LVZ refers to low-velocity anomaly discussed in the text.
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with the results of local shear wave splitting [Eakin et al., 2014] . At 50 s we observe little to no anisotropy in this area (Figure 4b Figure S2 ). Red triangles represent Holocene volcanoes. Black rectangles, circles, and stars are stations used in the study. Contour lines represent the subducting plate with highlighted 90 km depth contour (from Antonijevic et al. [2015] ). Dashed areas denote patterns discussed in the text.
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information Figures S6c-S6e). The anisotropic feature occurs in the area where the torn slab has been earlier inferred [Antonijevic et al., 2015] . The sensitivity kernels of intermediate periods ( Figure 2 ) help us to constrain the observed pattern to the depth of the torn slab ( Figure 3d ). Going toward the Eastern Cordillera and the Sub-Andean region (major morphostructural units are shown in Figure 1 , insert 1), fast directions at intermediate and long periods become trench parallel and are collocated with low Rayleigh wave phase velocities (dashed brown area in Figure 4f and supporting information Figure Eakin and Long [2013] . The dominant trench-parallel alignment of fast directions at long periods beneath the Eastern Cordillera (dashed brown area in Figure 4f and supporting information Figure S6c ) is consistent with the SKS splitting results of Russo and Silver [1994] as well as the more recent results using SKS, sSKS, and PKS shear wave splitting of Eakin et al. [2015] .
Along the southern end of the flat slab we observe a trench-perpendicular alignment of fast directions associated with high Rayleigh wave phase velocities at shorter periods ( Figure (Figure 2 ), the observed pattern likely illuminates the subducting plate progressing to the northeast. At long periods (91-125 s) we observe a roughly N-S alignment of fast directions along 71°W longitude, from~16.5°S to~12°S, which strikes parallel to the contours of the contorted slab at greater depths [Kumar et al., 2016; Scire et al., 2016] (dashed red area in Figure 4f and supporting information Figure  S6c ). Beneath the inboard easternmost corner of the flat slab, at~72°W,~13°S, we observe a trench-parallel alignment of fast directions at long periods (91 s, Figure 4f , 100 s, supporting information Figure S6c ) with 2% peak-to-peak anisotropy associated with pronounced low Rayleigh wave phase velocities. Long periods reveal a continuation of trench-parallel fast directions aligned with low Rayleigh wave phase velocities from the north toward the flat slab to the south, until~15°S latitude where the fast directions start to rotate counterclockwise (dashed orange area in Figure 4f and supporting information Figure S6c ).
To the south, where the slab descends steeply, we observe trench-parallel fast directions at periods between 40 and 50 s (dashed brown area in Figures 4a and 4b and supporting information Figure S6b ). At longer periods (starting from 58 s) the fast directions here rotate NNW-SSE and shift inland, as noted above. The trench-parallel anisotropy aligns with the low velocities above the steeply subducting plate and is approximately located beneath the active volcanic arc (Figure 3f ).
Resolution
The main new features observed in this study include a prominent low-velocity anomaly beneath the easternmost corner of the flat slab, fast directions collocated with fast anomalies, and trench-parallel anisotropy beneath the active arc to the south. We investigate the robustness of these features through a range of tests.
Low-Velocity Anomaly
The velocities observed beneath the eastern corner of the flat slab are unusually low but spatially constrained to one specific region. To demonstrate our ability to laterally resolve the observed low-velocity anomaly beneath the flat slab, we perform a series of checkerboard tests to test the size of the anomalies that can be recovered ( Figure 5 ). We focus on long periods (77 s, 91 s, and 100 s) because these periods reveal significant phase velocity reductions (Figure 4) . We also plot a 4.3 km/s contour line observed at 145 km depth, to indicate the locations of the observed low-velocity anomaly. The size of the anomaly is almost 2°× 2°, so in spite of the broad sensitivity kernels of long periods, the tests show that we do have sufficient spatial resolution to resolve an anomaly of this size.
To better understand our ability to resolve vertical extent and velocity reduction within the low-velocity anomaly, we perform forward modeling tests (Figure 6 ). We introduce low-velocity anomalies with 5%,
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10%, 15%, 20%, 25%, 30%, and 35% shear wave velocity reduction and of various thicknesses and depths beneath the fast oceanic lithosphere lid, predict dispersion curves for these models, and compare the predicted with the observed phase velocities (Figure 6 ). We use the same regularization parameters and starting models as we use in the regular inversion to see how well we can recover the observed shear wave velocity anomaly. Generally, introduction of a thicker low-velocity anomaly results in greater velocity reduction. However, we were not able to match the observed phase velocity dispersion curves within error with any model that incorporates a shear wave velocity anomaly of 5% regardless of the vertical extent or depth of the anomaly. The models that do fit the observations within the confidence limits incorporate low velocities ranging from~75 km thick anomalies with 10% velocity reduction to~10 km thick anomalies with 35% velocity reduction. This test also shows that the actual low velocities within the observed shear wave velocity anomaly are probably underestimated.
Rayleigh Wave Azimuthal Anisotropy
The sum of the resolution matrix diagonals for anisotropic terms is shown in Figure 7 and supporting information Figures S7 and S8 . The Western and Eastern Cordillera are the best resolved areas, while the resolution 
Journal of Geophysical Research: Solid Earth
10.1002/2016JB013064
decreases toward the coast, Sub-Andes, and Foreland. The resolution also varies along strike, being the highest just south of the subducting Nazca Ridge, and between the ridge and dense northern line of seismic stations.
We performed a variety of tests to check the robustness of our results for Rayleigh wave phase anisotropy, including the sensitivity of our results to different a priori starting models and different damping parameters. We test the sensitivity of our results to the anisotropic characteristics of the starting model by using three different starting models: one with no anisotropy, one with uniform anisotropy of 2% strength with a N-S fast direction, and one with uniform anisotropy of 2% strength with an E-W fast direction (Figure 7 and supporting information Figures S7 and S8 ). These tests demonstrate the ability of the observations to constrain the patterns of fast directions, regardless of the starting model used. For example, north of the projected subducted Nazca Ridge, we observe a consistent trench-parallel alignment of fast directions at shorter periods near the coast and along Western Cordillera. At intermediate periods this pattern shifts inland and persists at long periods along the Eastern Cordillera, while areas near the coast appear to have roughly trench-perpendicular oriented fast directions. Also robust are the N-S to NNE-SSW oriented fast directions at intermediate periods along the flat slab segment. The N-S to NNE-SSW oriented fast directions along 71°W longitude at long periods (91 s and 100 s) persist regardless of the starting model ( Figure 7 and supporting information Figure S8 ). Finally, to the south, trench-parallel orientations of fast directions consistently appear at short periods (40-50 s) below the active volcanic arc where the slab subducts steeply (Figure 7 and supporting information Figure S7 ). Figure 6c . (b) Suit of starting models with introduced low-velocity anomaly with velocity reduction ranging from 10% to 35% for which predicted dispersion curves fit the observations within the confidence limits. (c) Recovered models (black and gray lines) using predicted dispersion curves from 1-D shear wave velocity models shown in Figure 6b and our regular starting model (blue line). Red line represents the model obtained using the observed dispersion curve.
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Tests using different damping parameters show that changing regularization parameters affects the anisotropic magnitude, but not the orientation of fast directions (supporting information Figure S9 ). In general, decreasing damping predictably increases magnitude. However, in well-resolved regions, a maximum magnitude is attained, regardless of further damping decrease. We use the highest damping (lowest covariance) that produces this maximum magnitude (covariance of 0.05) (supporting information Figure S9 ).
We estimate the standard errors for the strength and fast directions of our final model from the variation in B1 and B2 terms using an error propagation technique (supporting information Figure S10 ). Since the uncertainties related to change in regularization are much greater than the uncertainties in anisotropic strength (supporting information Figure S9 ), we do not interpret the anisotropy magnitude but focus on fast directions. The largest errors are associated with nodes located at the margin of the study area as well as with nodes with very small magnitude of the anisotropy (supporting information Figure S10 ).
The lack of crossing paths caused by insufficient azimuthal coverage may lead to trade off between lateral heterogeneities and azimuthal anisotropy [Lévěque et al., 1998; Maggi et al., 2006] . To ameliorate this trade- 
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off we equalized and improved the back-azimuthal coverage by limiting events from oversampled back azimuths and adding smaller but well recorded events (see section 2). The comparison between isotropic and anisotropic phase velocity images (supporting information Figure S11) shows that allowing for azimuthal anisotropy has very small effects on resulting velocities and demonstrates that the resulting anisotropy does not trade off with isotropic phase velocity heterogeneities.
6. Discussion
Comparison Between Shear Wave Splitting and Rayleigh Wave Phase Anisotropy
The model for upper mantle anisotropy obtained in this study provides constraints complementary to those provided by shear wave splitting, which has previously been studied in this region by Eakin et al. [2014 Eakin et al. [ , 2015 Eakin et al. [ , 2016 and Long et al. [2016] . Here we briefly discuss the comparison between the two types of studies, illustrated in Figure 8 . Figure 8a shows local shear wave splitting measurements from Eakin et al. [2014] and Long et al. [2016] , plotted at the event location; event depths ranged from 90 to~130 km. For comparison, we overlaid our anisotropic phase velocity map at 40 s period, with peak sensitivity at~50 km depth (Figure 2) . Figure 8b shows SKS splitting measurements from Eakin et al. [2015] and Long et al. [2016] , along with our 91 s period map, with peak sensitivity at~140 km depth (Figure 2 ). Sourceside measurements from Eakin et al. [2016] , which mainly reflect anisotropy in the slab and subslab mantle, are shown in Figure 8c , along with the 100 s phase velocity map; peak sensitivity at this period is~145 km.
We focus our comparison on the region where Rayleigh wave phase anisotropy is well resolved (Figure 7) . Local S splitting measurements show very complex patterns across southern Peru (Figure 8a ). Under the volcanic arc to the south the fast directions are predominantly trench parallel, consistent with our observations at short periods (brown dashed area in Figures 4a and 4b) . 
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Another anisotropic pattern that can be observed with local S splitting measurements to the south, but inboard from the volcanic arc, is the roughly N-S alignment of fast directions (e.g., at~15.5°S,~71°W), consistent with the N-S alignment of fast directions at intermediate periods (45 s and 50 s) in our model. Based on peak sensitivity of these periods (Figure 2) , the anisotropic layer may be constrained to depths between~50 and~70 km.
Along the southern edge of the flat slab, the local S splitting measurements show various alignments of fast directions, ranging from trench perpendicular to trench parallel. The trench-perpendicular alignment of fast directions can also be observed at short periods (33 s and 40 s) in our surface wave model. Since our short periods are sensitive to shallower structures, with peak sensitivities at~40-~50 km depth (Figure 2) , this suggests a contribution from anisotropy within the upper plate. The trench-parallel fast directions observed in local S splits are consistent with our observations at intermediate periods (red dashed area in Figures 4c-4e ) with peak sensitivities between~85 and 120 km depth, suggesting an anisotropic region within the slab itself. At long periods (91 s and 100 s) the fast directions along the southern edge of the flat slab are oriented N-S, parallel to slab contours at greater depths (Figure 1) . The SKS and source-side splitting measurements also reveal dominant N-S striking fast directions here, consistent with our observations. This pattern has been attributed to the contorted subducting plate, which alters its fabric upon subduction due to extension in this corner . Our results are in agreement with this hypothesis. We further discuss this slab-related anisotropy in the following section. Two source-side splitting measurements show trench-subperpendicular fast directions in the flat slab region (at 73°W,~15.5°S,~14°S,~74.5°W). Since we do not observe a similar pattern at our long periods, it is plausible that these fast directions illuminate anisotropic structures at greater depths, to which our long period measurements are no longer sensitive.
To the north, complex patterns observed with local and SKS splitting illuminate multilayered anisotropy [Eakin and Long, 2013; Eakin et al., 2015] . The SKS splitting measurements show fast directions ranging from trench parallel to trench perpendicular. The trench-parallel fast directions start to appear at~14.5°S and continue farther north. This pattern can also be observed at long periods (Figure 4f and supporting information Figure S6c , brown dashed area), where it aligns with slow anomalies in our tomography. The SKS splitting measurements indicate roughly trench-perpendicular alignment of fast directions in the forearc and under the Western Cordillera. We also observe this anisotropic pattern at intermediate and long periods (Figures 4c-4f, green dashed area) , where the pattern aligns with fast anomalies.
Trench-Parallel Anisotropy Beneath the Active Volcanic Arc
The along strike variations in slab geometry in southern Peru are accompanied by substantial changes in observed anisotropy. At the southern end of our study area where the Nazca plate subducts at a normal dip angle, we observe a trench-parallel alignment of fast directions at short periods (40-50 s, dashed orange area in Figures 4a and 4b and supporting information Figure S6b ). The appearance of the trench-parallel anisotropy at shorter periods constrains the anisotropic layer to lie either within or above the slab. Trenchparallel alignment of fast directions in the mantle wedge above the subducting slab has been observed or inferred in other subduction zones, including in Costa Rica and Nicaragua [Hoernle et al., 2008] , the Aleutians [Mehl et al., 2003] , the Mariana subduction system [Pozgay et al., 2007] , and in the Japanese Ryukyu arc [Long and van der Hilst, 2006] . These observations can be reconciled with viscous coupling between the downgoing plate and the overlying mantle wedge material, causing two-dimensional corner flow in the mantle wedge [e.g., Fischer et al., 2000] , if the presence of B-type olivine fabric is invoked. B-type fabric tends to align fast axes perpendicular to the flow direction [Jung and Karato, 2001] and requires the presence of low temperatures, high stresses, and some amount of water [Kneller et al., 2005] . The seismicity along the steeply dipping slab in southern Peru is abundant [e.g., Kumar et al., 2016] , suggesting the release of fluids into the wedge via metamorphic dehydration reactions [e.g., Kirby et al., 1996] . However, high heat flow [Hamza et al., 2005] and the presence of an active volcanic arc above the steeply dipping slab suggest elevated temperature and low stresses and thus conditions less favorable for the occurrence of B-type olivine.
Another possibility is arc parallel flow in the mantle wedge that can be caused by some combination of trench retreat and variations in slab dip [Hoernle et al., 2008; Kneller and van Keken, 2008] . According to this scenario the A-, C-, D-, or E-type olivine crystals tend to align the fast symmetry axis (a axis) in the warm mantle wedge roughly parallel to the flow. The ambient conditions in the mantle wedge beneath the active volcanic arc with elevated temperatures and high water content are favorable for the occurrence of C-type
Journal of Geophysical Research: Solid Earth
10.1002/2016JB013064
olivine [Karato et al., 2008] , which would be the best candidate to explain the observed pattern. This scenario would be consistent with trench-parallel flow in the back-arc mantle wedge further to the south recently inferred from the local splitting .
A third possibility involves serpentine deformation within the hydrated mantle wedge [Katayama et al., 2009] . The serpentine tends to align the slow c axis orthogonally to the shear plane during the deformation. As mentioned earlier, the abundant seismicity might indicate dehydration of the slab and hydration of the mantle wedge. In addition, the low shear velocities we observe in this study above the steeply descending plate and beneath the active volcanic arc (Figure 3 , transect CC') likely relate to combination of high temperatures and presence of fluids.
A fourth possibility relates to fault-induced seismic anisotropy along the trench-parallel trending outer rise faults created by bending of the slab before entering the trench [Faccenda et al., 2008] . In this case the anisotropy is caused by crystallographic and shape-preferred orientation of hydrated fault surfaces [Faccenda et al., 2008] possibly in combination with dehydration and increased pore pressure in these fault zones during subduction [Healy et al., 2009] . Substantial shear wave velocity reduction along the upper part of the subducting plate and/or along the interface between two plates in southern Peru has been recently imaged by Kim and Clayton [2015] . The velocity reduction was interpreted as slab hydration of outer rise faults and subsequent dehydration upon subduction, consistent with this and previous scenarios. It is hard to discriminate between the last three scenarios, particularly since the sensitivity of surface waves at the relevant periods do not allow us to distinguish between anisotropy within the wedge and the shallow part of the subducting slab.
Evidence for Flow Through the Slab Tear
The slab geometry north of the subducting Nazca Ridge is very complex: the slab is torn to the west, while the flat slab remnants still persist to the east (Figure 3d ) [Antonijevic et al., 2015] . The slab tear probably continues up to~350 km depth .
One possible explanation for the trench-parallel fast directions that are aligned with the trench-parallel lowvelocity anomaly north of the Nazca Ridge is that this low-velocity material represents asthenosphere flowing through the inferred tear in the Nazca Plate ( Figure 9 , anomaly "MF"). By comparing fast directions of long and intermediate periods we notice gradual westward progression of the trench-parallel pattern as the periods get shorter (Figures 9d, 9c, 9b, and 9a ). This might suggest that the subslab mantle flow gets shallower from east to west, consistent with the asthenosphere flowing above the normally dipping slab to the west (anomaly "S" in Figure 9 ) and below the flat slab remnants to the east (anomaly "FSR" in Figures 9a and 9b) . The direction of this flow is not well constrained. It could either be flowing from the mantle wedge above the normally dipping slab west of the tear to the subslab mantle beneath the flat slab or the other way around.
Low-Velocity Anomaly Beneath the Easternmost Corner of the Flat Slab
Probably the most striking feature we observe south of the inferred tear is a pervasive low-velocity anomaly at subslab depths beneath the inboard easternmost corner of the flat slab. As described earlier, instead of slab-related high velocities, we observe modest low velocities all along the plate below the subducted Nazca Ridge that becomes even further reduced~250 km away from the trench (Figures 3c and 3e and supporting information Figure S5 ). The decrease in oceanic mantle-related fast velocities from west to east is also consistent with a recent receiver function study for events coming from the SE [Ma and Clayton, 2015] .
Several factors could cause the absence of slab-related high velocities along the ridge upon subduction. First, we lose resolution west of our stations between the trench and the horizontal portion of the slab. This is because of a lack of stations offshore and because stations along the coast are usually noisier, meaning fewer useable data were obtained from these locations. Therefore, at least for areas west of our array, the lack of high velocities could simply be an artifact of undersampling. Second, the crust of the subducting Nazca Ridge is very thick (~18 km) [Hampel et al., 2004] and possibly hydrated [Kim and Clayton, 2015] . The hydrated, overthickened crust and upper sedimentary layers will have low shear wave velocities, which could vertically smear into the oceanic mantle lithosphere in our model, making the expected oceanic-lithosphere-related high velocities more difficult to resolve. Third, inherited mantle structures from the formation of the Nazca Ridge may result in persistent lower velocities in the associated mantle lithosphere. In general,
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asthenospheric flow in the form of small-scale convection and/or viscous fingering instabilities have been invoked to explain the formation of intraplate ridges and seamounts [Weeraratne et al., 2007] and accompanied delayed cooling/thickening of the oceanic lithosphere [Davaille and Lees, 2004] . Recently, Forsyth and Weeraratne [2014] found high attenuation and low shear wave velocities beneath the Shatsky Rise in the northwestern Pacific. This area has not been affected by volcanism within the past~150 Ma, which suggests that low-velocity anomalies beneath intraplate volcanic features can persist for long periods of time. Woods and Okal [1994] estimated a substantial reduction in shear wave velocity (below 4 km/s) under the Nazca Ridge in the eastern Pacific Ocean basin using Rayleigh waveforms that propagate along the entire length of the ridge. This velocity reduction may indicate the presence of small melt pockets beneath the ridge to the west. In addition, among samples of volcanic rocks obtained from the Nazca Ridge, a few were approximately 5-13 Ma younger than other samples, showing evidence of a rejuvenation of Nazca Ridge volcanism [Ray et al., 2012] . The velocities we observe along the first~250 km of subducted ridge are not exceptionally low (Figure 3e ). This indicates either that partial melt does not exist beneath the ridge any longer or that partial melt regions are very small and localized. Furthermore, the intraplate volcanism could have delayed the usual cooling and thickening of oceanic lithosphere or even thermally ablated the existing mantle lithosphere. Thinned oceanic mantle lithosphere along the ridge in combination with vertically smeared low velocities from overthickened crust and limited resolution along the coastal region could produce the observed modest lower slab-related shear wave velocities at the first~250 km of subducted ridge.
While inherited structures and resolution can provide an explanation for the moderately low velocities observed to the west, they do not explain the sharp decrease in velocity observed beneath the easternmost 
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corner of the flat slab. The anomaly is within the seismic array and is well resolved (Figure 5 ). Any inherited structure that might be invoked to explain velocities farther to the west would likely remain constant along the extent of the subducted Nazca Ridge. The abrupt additional decrease in velocities beneath the slab in this region requires additional explanation.
Several factors could contribute to the strengthening of the low-velocity anomaly beneath the easternmost corner of the flat slab. These include increases in temperature, the presence of volatiles, and the presence of partial melting. We can calculate only minimum amounts of change based on the observed decrease in velocity due to our likely underestimation of the actual low-velocity anomalies caused by damping of the inversion (see forward modeling in Figure 6 and supporting information Figure S12 ). In the absence of melting or volatiles, the difference in shear velocities from west to east would require an additional increase in temperature of at least~200°C [Cammarano et al., 2003] . The presence of water would also reduce velocities, even in the absence of partial melting or temperature change. The effect of high water content is similar to that of increased temperature, with 0.15 wt % of water in olivine roughly corresponding to an increase in temperature for 200°C [Karato, 2003] . A combination of temperature and/or volatiles could promote melting which in turn would also have a pronounced effect on seismic velocities [Katz et al., 2003] . To recover the observed velocities, the presence of at least 1% partial melting (7.9% velocity deviation) [Hammond and Humphreys, 2000] over a 70-90 km thick vertical column or 2% partial melting (22% velocity deviation) within a 25-35 km thick vertical column is required (see forward modeling in supporting information Figure S12 ).
There are a number of possible scenarios that could lead to some combination of changes in temperature, volatiles, or partial melting beneath the easternmost corner of the flat slab. One possibility is delamination of the oceanic plate. However, we observe fast velocities above the proposed slab location, which suggests thermal shielding, consistent with a flat slab below it. The fast velocities above the flat slab have been observed in other recent studies Clayton, 2014, 2015] . If the slab had delaminated, we would expect pervasive slow velocities. The feature is also unlikely to be caused by an inherited structure, since in that case the anomaly would be visible along the entire ridge track, both to the west and east. Thus, some degree of mantle flow under the easternmost corner of the flat slab must be involved in its formation. Roughly speaking, the subslab mantle in this region could flow trench parallel (either south to north or north to south), vertically, or both. Depending on the flow directions, different combinations of temperature, melting, and volatile presence emerge as contributing factors to this low-velocity anomaly.
In the absence of any vertical motion, mantle flow directed south to north (as suggested previously by Russo and Silver [1994] ) should not produce radically different velocities along strike and is therefore difficult to reconcile with our observations. Vertical (upward directed) mantle flow, however, could explain our observations by introducing warmer material to the area directly beneath the inboard corner of the flat slab. A vertical component to mantle flow would be consistent with the observed nulls from SKS, sSKS, and PKS shear wave splitting beneath this portion of the flat slab [Eakin et al., 2015] . The low-velocity anomaly is reduced laterally with depth and confined to the inboard easternmost corner beneath the flat slab (Figure 3 and supporting information Figure S4 ). This suggests that any vertical flow and possible associated decompression partial melting is localized both laterally and in depth. Future examination of radial anisotropy (Rayleigh versus Love waves) is necessary to confirm the presence of such vertical flow.
Another possibility is the presence of water and possible associated flux melting. Normally, regional subslab low velocities are not attributed to increases in volatiles due to the absence of an obvious source of significant amounts of water. However, the inferred tear in the subducted plate to the north [Antonijevic et al., 2015] offers this additional intriguing possibility. If flow beneath this portion of the Nazca plate trends trench parallel from north to south instead south to north, the mantle from above the torn slab could be hydrated by that slab and then flow south, ending up below the flat slab. In this case, the observed trench-parallel alignment of fast directions north of the projected Nazca Ridge would correspond to the N-S directed flow. Eventually, this hydrated material might collect in the inboard corner of the contorted underside of the flat slab resulting in volatile-rich subslab mantle and/or flux melting (Figure 10 ). Given that the tear occurred recently [Antonijevic et al., 2015] , this scenario is possible only if the volatile-rich subslab mantle had enough time to reach the edge of the flat slab region.
Both an increase in temperature/decompression melting and the presence of volatiles/flux melting can equally well explain the velocity reduction beneath the easternmost corner of the flat slab, so discriminating
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between the two is difficult. In either case, however, the observed anomaly might have important geodynamic implications since the material beneath this corner is presumably more buoyant than the surrounding mantle and/or could thermally ablate the slab from beneath. Recent high-resolution imaging of the southernmost part of the flat slab reveals an inboard upward motion of the flat slab roughly beneath the Western/Eastern Cordillera boundary [Ma and Clayton, 2015] . This unusual slab geometry has been attributed to interplate suction. However, the location of the flat slab's inferred upward deflection spatially coincides with this prominent low-velocity anomaly beneath the slab. The thermally ablated/thinned oceanic mantle lithosphere of the subducting ridge and/or presence of volatiles/partial melting below this corner could contribute to overall slab buoyancy, providing additional support to this upward motion. Future geodynamical modeling is necessary to better understand the effects of this anomaly to complex slab geometry in this corner.
Slab-Related Anisotropy
Some of our observed anisotropy is associated with the fast velocity anomalies of the subducted Nazca Plate. Before being subducted, oceanic plates usually preserve primary (fossilized) fabric dating from early slab formation along the mid-oceanic ridge. The direction of azimuthal anisotropy in young oceanic plates is typically related to A-type olivine within the oceanic lithospheric mantle, which tends to align fast axes along the spreading direction [e.g., Hess, 1964] . Even though this fossil fabric has been generally more successfully observed in the oceanic lithospheric mantle of younger oceanic plates, recent studies show that it can persist in older slabs, too. For example, using Rayleigh wave phase anisotropy, Smith et al. [2004] found evidence of stratification in azimuthal anisotropy with depth across the Pacific. They found that the fast directions in the upper lithosphere (<100 km) correlate well with paleospreading directions, reflecting fossilized azimuthal anisotropy, while greater depths illuminate current ambient flow direction. This primary (fossilized) fabric can persist upon entering the subduction zone [Audet, 2013] or can be modified upon subduction. The serpentinization along the outer-rise faults in the upper part of the slab [Faccenda et al., 2008] or, alternatively, substantial deformation within the slab due to rapid change in slab geometry can lead to alteration of the slab's primary fabric.
Recently, Eakin et al. [2016] demonstrated that the fossil slab fabric in the 200-400 km depth range in southern Peru is overprinted due to the substantial along strike extension that the slab undergoes while changing its geometry from flat to steep. According to their model, the CPO of olivine in this specific area rotates to become subparallel to the slab depth contours during deformation. Our observations along the southern margin of the flat slab are consistent with this model and extend that interpretation to shallower depths. We observe a rotation of fast axes from trench perpendicular to N-S/NNW-SSE at intermediate periods (58 s and 66 s) that correspond to the depth of the subducting plate (Figures 1 and 2 ). This anisotropic pattern is also aligned with fast velocities (dashed blue area in Figures 4c-4e ) consistent with our interpretation of slab-related anisotropy. We observe the strongest anisotropy along the southern edge of the flat slab, where the slab is heavily contorted due to a rapid change in slab geometry from flat to steep [Ma and Clayton, 2014; Figure 10 . Schematic representation of the slab fabric and mantle flow through the tear. The top of the slab is inferred from earthquake distribution [Antonijevic et al., 2015] ; lateral and vertical extent of the low-velocity anomaly is inferred from our 3-D shear wave velocity model. The black arrow denotes relative motion of the Nazca Plate [Gripp and Gordon, 2002] . Greenish area shows subducting Nazca Ridge. Blue arrows refer to slab fabric. Red arrows refer to mantle flow through the tear north of the ridge. If the mantle flows from south to north, it may carry hydrous phases released from the torn slab.
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10.1002/2016JB013064 Phillips et al., 2012] . The orientation of fast axes along the southernmost edge of the flat slab/transition zone at intermediate periods (58 s and 66 s, Figures 4c and 4d) is consistent with the orientation of T axes (the maximum extension direction) inferred from focal mechanism solutions [Kumar et al., 2016] . The pattern shifts inland at longer periods and aligns with slab contours (Figures 4e and 4f and supporting information Figures S6c and S6d) , consistent with source-side splitting measurements (Figure 8c ). This suggests that modified slab fabric persists at greater depths.
Our observations are consistent with Eakin et al. [2016] along the southern margin of the flat slab. In areas north of the ridge, where the slab is torn and has resumed normal subduction [Antonijevic et al., 2015] , we find different patterns of slab-related anisotropy. We observe roughly trench-perpendicular fast directions at intermediate and longer periods aligned with a seismically fast anomaly (dashed green area in Figures 4c-4f ), which we interpret as the anisotropic pattern coming from the slab west of the tear. This slab is not affected by flat slab-related deformation and therefore preserves its paleofabric. The contrast in the observed anisotropic patterns to the south and north illuminates differences in strain that the Nazca plate undergoes along the strike. We suggest that extension within the contorted slab to the south has led to alternation of the preexisting slab fabric, while the preservation of the fossil slab fabric to the north indicates that the slab here has not undergone the same deformation ( Figure 10 ). This is additional evidence showing that the previously assumed extensive Peruvian flat slab is not uniformly flat along strike.
Conclusion
Observations of anisotropic Rayleigh wave phase velocities indicate that the complex slab geometry in southern Peru affects the surrounding mantle flow field. To the south, where the slab subducts steeply, we find trench-parallel oriented fast directions beneath the active volcanic arc that may relate either to the mantle wedge and/or subducting plate. To the north, beneath the easternmost corner of the flat slab, we find a pronounced low-velocity anomaly. The anomaly may be produced either by increased temperature and/or decompression melting due to small-scale vertical flow beneath this corner or by the presence of volatiles and/or flux melting that could be caused by southward directed, volatile-rich subslab mantle flow. Future examination of radial anisotropy should be able to verify the existence of vertical flow beneath this corner. In either case, the subslab material beneath this corner is presumably more buoyant than the surrounding mantle and may provide an additional dynamic contribution to the inferred upward deflection of the flat slab in this region.
Our results indicate that the mantle flow above the torn slab north of the subducted Nazca Ridge continues beneath the flat slab segment. We find that the tear created a new pathway that connects two mantle reservoirs. However, we are not able to determine whether the flow is directed N-S or S-N, since azimuthal anisotropy can reveal the orientation, but not the direction of mantle flow.
Based on slab-related anisotropy we find that the slab's internal deformation substantially varies along strike. South of the subducting Nazca Ridge the extension within excessively contorted slab alters the slab fabric. Our results indicate that this altered slab fabric persists at greater depths. In contrast, the slab tear to the north reduces the strain within the torn slab allowing the slab's primary (fossilized) fabrics to stay preserved upon subduction.
